Anecdotal reports suggest that Sherpa highlanders demonstrate extraordinary 33 tolerance to hypoxia at high altitude despite exhibiting lower arterial oxygen 34 content than acclimatised Lowlanders. This study tested the hypothesis that 35
INTRODUCTION 71
Anecdotal reports suggest that Sherpa highlanders exhibit extraordinary 72 tolerance to hypoxia at high altitude. Subjective demonstration of their 73 remarkable exercise and endurance abilities may be readily observed by 74 persons trekking and climbing in the Himalayan mountain regions. Having 75 resided at high altitude for the last 500 generations (2), it is likely that these one might uncover adaptive mechanisms that facilitate their apparent hypoxia 84
tolerance. 85
The delivery of oxygen to metabolising tissues is a process of both convective 86 flow within the systemic circulation, and diffusion along oxygen partial 87 pressure gradients within the tissues. To date, studies have predominantly 88 focused on the traditionally described aspects of acclimatisation, those 89 involving the restoration of CaO 2 and systemic oxygen delivery (DO 2 ) (4, 6, 90 15, 38). Whilst such studies have failed to provide a universally accepted 91 explanation for hypoxia tolerance, little attention has been paid to the tissue 92 components of the oxygen cascade. Within every tissue of the body, the 93 microcirculation (anatomically described as blood vessels < 100 μm (26)) 94
regulates localised blood flow to match micro-regional oxygen demand (9). 95
As the final step in the convective portion of the oxygen cascade, from where 96 oxygen diffuses into the surrounding tissues, alterations in the 97 microvasculature may disrupt the balance between oxygen supply and 98 demand at a cellular level, thereby acting as a 'bottleneck' in the oxygen 99 cascade. Accordingly, this potential limiting factor may be reduced or 100 obviated by maintaining adequate microcirculatory flow per unit time and / or 101 per unit volume of tissue (functional capillary density), and thus the 102 microcirculation should be considered important to the development of 103 hypoxia tolerance (25). This study tested the hypothesis that Sherpas 104 exposed to hypobaric hypoxia on ascent to 5300m, demonstrate increased 105
Sherpa and Lowlander volunteers were recruited and written consent was 114
obtained from all participants. Sherpas were defined as being direct 115 descendants of Nepali Sherpas (for at least two generations), drawn from 116 communities in the Solukhumbu and Rolwaling valleys. Lowlanders were 117 recruited in the UK, they were not descendants from a native high altitude 118 population (e.g. Tibetan, Andean, Ethiopian), and all were born and lived 119 below 1000m. conducted during the day, and subjects were sheltered from any extremes of 157 temperature. All images were obtained by one of three researchers, all of 158 whom were experienced in using the IDF video-microscope. 159
160

Analysis and scoring of microcirculatory video images 161
IDF data analysis was conducted by two researchers using the AVA 3.0 162 microcirculatory analysis software (MicroVision Medical, Amsterdam, 163 Netherlands) (10). To avoid observer bias during analysis of microcirculatory 164 films, investigators were blinded to both the study location and cohort identity 165 by assigning random codes to identify films. To assess for inter-observer 166 variability, the two observers evaluated a selection of IDF videos (30 films). 167
Each video was only deemed appropriate for analysis if it adhered to the 168 'microcirculation image quality scoring system' (31), whereby stability, 169 illumination, duration, focus, content, and pressure artefact are assessed. 170
Videos were subsequently corrected for background variation, image contrast 171 optimised, and to compensate for movement artefact, all video images 172 underwent image stabilisation by the analysis software. After initial automated 173 vessel detection, every film was checked visually, whereupon incorrectly 174 identified blood vessels were deleted, and undetected vessels were drawn 175 manually. Additionally, incorrectly disconnected segments of vessels were 176 'chained', and erroneously connected segments were 'unchained'. 177 and core temperature were similar between the two cohorts ( American controls. Whilst these results supported earlier works relating to 293 blood flow (39), and skeletal muscle capillary density (22), notably the data 294 obtained using VOP in Erzurum's study relates to total blood flow in the 295 forearm as opposed to that in the microcirculation per se. The first description 296 of in vivo microcirculatory changes on ascent to high altitude, coincided with 297 the introduction of sidestream dark field imaging (21). On ascent to 4900m, 298 blood flow in the sublingual vessel was seen to reduce significantly in 12 299 lowland subjects (30), and similar data were recorded in a further 24 lowland 300 subjects on ascent to 5300m (28). 301
The The descent data observed in this study are also novel. The fact that MFI 333 values were similar between the two cohorts at BL and KTM, suggests that 334 the physiological basis underpinning Sherpas' ability to maximise 335 microcirculatory blood flow at altitude is transient and hypoxia-dependent. We 336 do however appreciate that only a small number of Sherpas were studied on 337 their return to Kathmandu, and thus we are cautious in our interpretation of 338 these data. 339
340
The data presented illustrating the effects of hypoxic exposure on Sherpa 341 capillary density is the first of its kind. Whilst no difference in small vessel 342 density was evident between cohorts at BL, these data demonstrate that 343
Sherpas have a substantial capacity to increase their capillary numbers. An 344 increase in sublingual vessel density on ascent to altitude has been previously 345 reported by Martin et al (28). That said, in his study conducted on 21 346
Lowlanders ascending to 5300m, it was not the density of small vessels 347 (<25μm) which altered at high altitude, but rather that of the larger vessels 348 (>25 μm). Whilst the actual values reported by Martin et al for small vessel 349 density were similar to those seen above, our data contrast with prior data 350 where we found Lowlanders to increase their small vessel density on ascent 351 to 5300m (Figure 3 ) (p=0.020), whilst their large vessel density did not 352 change.
Whilst both studies used a very similar ascent profile, the 353 discrepancy between our findings may be due to the increased statistical 354 power of this study, and / or the fact that we used an IDF video-microscope as 355
opposed to the SDF video-microscope (17). 356 357
Whilst both cohorts demonstrated increased capillary density on ascent to 358 high altitude, Sherpas did so to a much greater degree. At EBC, their 359 capillary network was approximately 30% denser than Lowlanders. Vessel 360 recruitment due to elevated Hb and Hct might have accounted for the rise in 361 capillary density in both groups (16, 34, 37, 45). These values however, were 362 similar between the two cohorts upon arrival at EBC, so it seems unlikely that 363 this explains the observed difference between them, unless Sherpas have a 364 much larger un-recruited (and thus unseen) reservoir in normoxia. This is 365 certainly plausible, and as with flow, it is likely that the difference is ultimately 366 underpinned by genetic differences. 367 368 This is the first study of Sherpa microcirculation on ascent to, and descent 369 from high altitude. A large number of participants were studied, and over 98% 370 successfully ascended to EBC following an identical ascent profile. This 371 matched ascent profile along with serial measurements controls for variability 372 of exposure to hypoxia, and thereby enables valid inter-individual comparison 373 of hypoxia responses whilst amplifying the signal to noise ratio (24). The 374 newly released Cytocam video-microscope was used to obtain images of the 375 sublingual microcirculation, and our assessment of it prior to the expedition 376 demonstrated its superior capabilities regarding image acquisition compared 377 its predecessor SDF imaging (17). Unfortunately, no validation of the camera 378 in a hypobaric hypoxic environment was performed prior to the expedition, 379 and this is a limitation of the study. (Table 1) demonstrates that approximately equal numbers 388 of participants were compared, with a similar gender ratio in each group, 389 however, the age of participants was markedly lower in the Sherpa cohort, 390 whilst the percentage of smokers was higher. Smoking is known to affect the 391 vasculature and could thus be a confounding factor in the results (32). 392
Despite our best efforts to minimise temperature differences between 393 laboratories, disparities were still seen. This could affect microvascular flow 394 due to cold-induced vasoconstriction (23, 40). There were, however, no 395 significant differences between the environmental temperatures both cohorts 396 were exposed to within each individual laboratory (Table 3) . Additionally, as 397 the sublingual circulation is within the oral cavity, and as such it is regarded as 398 being at a similar temperature to one's core, the data demonstrated no 399 differences in the two cohorts' tympanic temperatures (Table 4) Lowlanders VD increases at EBC (^), but then returns to Baseline values on return to KTM.
At EBC, Sherpas demonstrate a significantly larger VD compared to Lowlanders (*). 
